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(57) ABSTRACT 
Room temperature operating solid state hand held neutron 
detectors integrate one or more relatively thin layers of a high 
neutron interaction cross-section element or materials With 
semiconductor detectors. The high neutron interaction cross 
section element (e.g., Gd, B or Li) or materials comprising at 
least one high neutron interaction cross-section element can 
be in the form of unstructured layers or micro- or nano 
structured arrays. Such architecture provides high e?iciency 
neutron detector devices by capturing substantially more car 
riers produced from high energy ot-particles or y-photons 
generated by neutron interaction. 

20 Claims, 5 Drawing Sheets 

stacked detectors read-out circuits 



US. Patent Dec. 10, 2013 Sheet 1 of5 US 8,604,441 B2 

83x28? Mom -m 
.?k? sewiwnomam mobsg .wsuwimammgmm 

gang? .....~ . . 



US. Patent Dec. 10, 2013 Sheet 2 of5 US 8,604,441 B2 

Q) 
‘U 

2 
O 
i’ 
G) 

x 

x 
.2 

“g 
>% 

(I) 

; 

electrode 

substrate 



US. Patent Dec. 10, 2013 Sheet 3 of5 US 8,604,441 B2 



US. Patent Dec. 10, 2013 Sheet 4 of5 US 8,604,441 B2 

2586 506mm.“ ???? ? ? 

2223 



US. Patent Dec. 10, 2013 Sheet 5 of5 US 8,604,441 B2 

whno B cosmwmosc 

C 
/ 

mkvo Bag 2.8 



US 8,604,441 B2 
1 

LAYERED SEMICONDUCTOR NEUTRON 
DETECTORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. Provisional Patent 
Application No. 61/083,352, titled LAYERED SEMICON 
DUCTOR NEUTRON DETECTORS, ?led Jul. 24, 2008, the 
disclosure of Which is incorporated herein by reference in its 
entirety and for all purposes. 

STATEMENT OF GOVERNMENTAL SUPPORT 

The invention described and claimed herein Was made at 
least in part utilizing funds supplied by the US. Department 
of Energy under Contract No. DE-AC02-05CH11231. The 
Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

Semiconductor detectors are among the most Widely used 
radiation detection devices. They have found applications 
ranging from space physics to medicine, to defense and 
homeland security. Semiconductor radiation detectors gener 
ally operate by absorbing a quantum of gamma-ray or a 
neutron and converting the radiation energy into a number of 
electron-hole pairs that is proportional to the absorbed 
energy. After the conversion, the motion of the electrons and 
holes induce electrical signals on detector electrodes. Semi 
conductor detectors have a number of advantages over other 
types of particle detectors. For instance, the energy needed to 
produce an electron-hole pair is only about one-tenth that 
needed to produce ioniZation in a gas (e.g., in a Geiger 
counter). Also, since semiconductors are much denser than a 
gas, these devices can be made much smaller than a Geiger 
counter or a cloud chamber. 

For semiconductor gamma-ray detectors, the energy reso 
lution is typically one to tWo orders of magnitude better than 
gas detectors and scintillators. Most commonly, gamma-ray 
detectors use germanium (Ge) and cadmium telluride (CdTe)/ 
cadmium Zinc telluride (CdZnTe) as the detector material. 
The interaction of gamma-rays in these semiconductor mate 
rials creates electron-hole pairs, the number of Which depends 
on the energy of the incident radiation. The energy informa 
tion can therefore be extracted by collecting the electron-hole 
pairs With the application of an external electric ?eld. Semi 
conductor materials suitable for gamma-ray detection should 
have high atomic number (Z) for e?icient radiation-atomic 
interactions, a large enough band-gap With high resistivity to 
maintain loW noise associated With leakage current, high 
crystalline quality With loW probability for recombination 
and trapping, and high carrier mobility for both electrons and 
holes. 

The use of germanium (Ge) crystals cooled to liquid nitro 
gen temperatures appears to be at present the only choice for 
optimum performance With respect to ef?ciency and energy 
resolution. A major draWback, due to the small band gap of 
germanium, is that Ge-based gamma-ray detectors have to be 
operated at loW temperature. On the other hand, the moderate 
need for cooling of CdZnTe (CZT) detectors stems from the 
fact that the band gap of CZT is signi?cantly larger than that 
of Ge, Which gives a smaller leakage current and hence can be 
operated at room temperature. Cd l_,€Zn,€Te has a direct energy 
gap for all alloy compositions and is tunable from 1.5 to 2.3 
eV at room temperature, for x:0 to 1 respectively. HoWever, 
the problem With most high-Z semiconductors is the high 
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2 
probability of charge trapping Which, depending on the posi 
tion of the interaction betWeen the electrodes, leads to incom 
plete charge collection. 

For Ge, the density of trapping centers is extremely loW and 
only a negligible fraction of free charges is trapped. The 
relatively small hole effective mass results in an uncommonly 
high hole mobility. As a result, the combination of loW defect 
density and long carrier lifetime is responsible for the excep 
tionally good performance of Ge detectors (at loW tempera 
ture). CZT on the other hand has a much higher density of 
trapping centers due to defects. Since the mobility of the holes 
in CZT is loW, the transit time they need to reach the cathode 
is signi?cant compared to the hole lifetime. Hence the num 
ber of free holes is seriously reduced as they drift across the 
detector. The effect of trapping is therefore a reduction in the 
amplitude of the output signal that is strongly dependent on 
the depth of the interaction site. In the output spectrum this 
gives rise to serious spectral distortion. Although there are a 
number of techniques developed to correct or compensate for 
this trapping effect, the performance of CZT detectors has not 
yet reached the level of Which it is theoretically capable due to 
material quality and is still far from that of Ge detectors. 

Solid-state semiconductor neutron detectors offer the 
advantages of loW-poWer operation and compactness as com 
pared to gas-?lled or scintillation neutron detectors. HoW 
ever, neutrons only interact Weakly With most knoWn semi 
conductor detector materials. Neutron detectors function by 
converting the non-ioniZing neutrons into more easily mea 
sured charged particles. This is typically accomplished by 
employing a high neutron cross-section converter material 
(e.g., 6Li, 10B, or 157Gd) that yields energetically charged 
particles upon capturing a neutron. Three very common neu 
tron interactions that are used for a variety of neutron detec 

tors are the 6Li(n, 0t)3 H reaction, l0B(n, 0t)7Li reaction, and 
the 157Gd(n, y)l58Gd reaction. The energetically charged par 
ticles created then produce free carriers in the detector. The 
free carriers move in response to an applied electric ?eld, 
producing a current that serves as the measure that a neutron 

interaction has occurred. HoWever, unlike gamma-ray detec 
tion Where semiconductor detectors based on Ge and CdZnTe 
are available, no comparable semiconductor neutron detector 
materials have been developed. 

To fabricate detectors having good charge collecting e?i 
ciency and the ability to stop a large fraction of incident 
photons, high purity, homogeneous, defect-free material is 
required. For gamma-ray detectors, unlike silicon or gallium 
arsenide, it is very dif?cult to groW large siZe single crystals of 
CZT, Which have been made traditionally from crystals that 
are groWn by a high pressure method. In high pressure 
groWth, crystals groW from a melt (at high temperature, 
greater than 11000 C.) of nearly equal quantities of cadmium 
and tellurium, With small cadmium excess, Which generates a 
high vapor pressure. While the high pressure method yields 
quality detectors, the crystal uniformity is limited and the 
detector yield is loW. Other than a feW variations of the high 
pressure crystal groWth method, there have been no reports of 
effective alternatives to groW high quality crystalline semi 
conductor materials for radiation detectors. 

Incomplete charge collection, due to poor charge transport 
properties of the detector materials, degrades the energy reso 
lution and loWers the effective photo peak e?iciency for 
gamma-rays as Well as for neutrons. Using CdTe as an 
example, the life time, (I) and mobility (u) of the electrons 
and holes that determine the detector’s charge collection e?i 
ciency and affect detector’s performance have been reported 
to be "58:3 us, "5,52 us, 11.51100 cm2/Vs, and uh:100 cm2/Vs, 
respectively. The relatively loW hole mobility and life time 
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cause hole trapping and consequent loss in signal. The 
amount of charge loss in a single particle detection event, and 
hence the signal strength, depends on the interaction depth of 
energy absorption. In energy sensitive measurements this 
gives rise to an asymmetric broadening of the spectral peaks 
toWard the loW energy direction. 

Charge collection ef?ciency can in principle be improved 
by increasing the electric ?eld strength in the detector crystal 
(according to the Hecht equation that describes induced 
charge signal at the anode electrode of standard planar radia 
tion detectors). HoWever, as long as the detector electrodes 
form ohmic contacts With the CdTe crystal, the detector leak 
age current is directly proportional to the electric ?eld. The 
leakage current shot noise eventually becomes the dominant 
noise source and prohibits higher electric ?elds. Meanwhile, 
CdZnTe Was developed to reach higher resistivity and loWer 
leakage current than are possible With CdTe. Varying the Zn 
concentration, the band- gap can be stretched and the resistiv 
ity increased (to 101 1 Qcm). HoWever, CdZnTe has the draW 
back of loWer hole life time ("58:5 us, "5,5200 ns, ue:l350 
cm2/Vs and uh:l20 cm2/Vs). In this case, AlSb as Well as 
GaAs have higher hole mobilities. HoWever, its carrier life 
time is far from What needed to achieve good energy resolu 
tion. 

There have been signi?cant efforts to develop detector 
techniques based on the concept of single polarity charge 
sensing in order to maintain good energy resolution. In the 
meantime, CdTe detectors With Schottky type rectifying 
metal contacts have been introduced. Reverse biasing a 
Schottky type CdTe detector reduces the leakage current and 
the detector can operate at higher electric ?elds. While these 
improvements have been able to increase the energy resolu 
tion to certain extent, there remains a clear need to develop a 
neW paradigm in order to further improve the performance of 
radiation detectors by orders of magnitude. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing aspects and others Will be readily appreci 
ated by the skilled artisan from the folloWing description of 
illustrative embodiments When read in conjunction With the 
accompanying draWings. 

FIG. 1A shoWs a basic schematic of a stacked diode detec 
tor structure in accordance With embodiments of the inven 
tion. 

FIG. 1B schematically depicts a semiconductor neutron 
absorption layer(s) in the form of micro- or nano-structured 
arrays in accordance With embodiments of the invention. 

FIG. 2 shoWs a schematic illustration of tWo examples of 
nanoscale crystalline heterostructures groWn by nanoscale 
heteroepitaxy (nano-heteroepitaxy) in accordance With 
embodiments of the invention, one With and one Without a 
patterned substrate. 

FIG. 3 shoWs schematics of a stacked neutron detector in 
accordance With an embodiment of the present invention. 

FIG. 4 illustrates a basic fabrication principle of catalyst 
assisted laser nano-heteroepitaxy in accordance With aspects 
of the present invention, vapor-liquid-solid crystal groWth 
mechanism. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention provide room tem 
perature operating solid state hand held neutron detectors. 
Detectors in accordance With the present invention integrate 
one or more relatively thin layers or micro- or nano-structure 
arrays incorporating a high neutron interaction cross-section 
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element With semiconductor detectors. The high neutron 
interaction cross-section element (e. g., Gd, B or Li) incorpo 
rating layer(s) or array(s) can be elemental, alloys, organics, 
or doped semiconductors and can be in the form of unstruc 
tured layers or micro- or nano-structured arrays. Such archi 
tecture provides high e?iciency neutron detector devices by 
capturing substantially more carriers produced from high 
energy particles generated by neutron interaction, and are not 
limited by the asymmetry of semiconductor materials ’ mobil 
ity-lifetime products for electrons and holes. 

These and other aspects of embodiments of the present 
invention are described in more detail in the description that 
folloWs. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

Reference Will noW be made in detail to speci?c embodi 
ments of the invention. Examples of the speci?c embodi 
ments are illustrated in the accompanying draWings. While 
the invention Will be described in conjunction With these 
speci?c embodiments, it Will be understood that it is not 
intended to limit the invention to such speci?c embodiments. 
On the contrary, it is intended to cover alternatives, modi? 
cations, and equivalents as may be included Within the spirit 
and scope of the invention as de?ned by the appended claims. 
In the folloWing description, numerous speci?c details are set 
forth in order to provide a thorough understanding of the 
present invention. The present invention may be practiced 
Without some or all of these speci?c details. In other 
instances, Well knoWn process operations have not been 
described in detail so as to not unnecessarily obscure the 
present invention. 

Introduction 
The invention relates to a neW apparatus and techniques to 

improve radiation detection ef?ciency, especially for neutron 
detection. In various embodiments, the invention provides 
semiconductor radiation detectors, such as p-n junction or 
Schottky junction types, With one or multiple layers of high 
neutron interaction cross-section element (e.g., Gd, B or Li) 
incorporating layer(s) or array(s) that can be elemental, 
alloys, organics or doped semiconductors and can be in the 
form of unstructured layers or micro- or nano-structured 
arrays, or micro- or nano-structures comprising at least one 
high neutron interaction cross-section element. The invention 
enables the realiZation of high ef?ciency neutron detector 
devices by capturing substantially more carriers produced 
from high energy particles resulting from neutron interaction, 
and is not limited by asymmetry of semiconductor materials’ 
mobility-lifetime products for electrons and holes. 
The invention provides various embodiments of layered 

detector architecture for neutron detection. At least one, and 
possibly multiple, layers of high neutron interaction cross 
section materials, including materials comprising at least one 
high neutron interaction cross-section element, are disposed 
betWeen semiconductor detectors that have a thickness on the 
order of the length scale imposed by the product of the semi 
conductor material’ s mobility-lifetime-?eld. The high energy 
particles such as 0t particles or y photons produced in the 
semiconductor neutron absorption layer(s) escape the 
layer(s) because of its small thickness, and are detected in the 
semiconductor detector layers. In this Way, using this sand 
Wiched structure, the dif?culty of doping the large semicon 
ductor crystals With incompatible materials is avoided. 
The semiconductor neutron absorption layer(s) can be in 

the form of unstructured layers or micro- or nano-structured 
arrays. 
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The architecture can be manufactured using Well estab 
lished semiconductor fabrication techniques readily adapt 
able to the purpose by those of skill in the art given the 
disclosure provided herein. 

In any of the implementations, incoming neutrons generate 
high energy particles Which interact With the semiconductor 
to generate electron and hole pairs. The electrons move 
through a circuit connecting the electrodes to ?ll the holes, 
thereby signaling neutron detection. The current generated is 
proportional to the neutrons detected. 

Embodiments of the present invention provide room tem 
perature operating solid state hand held neutron detectors. 

Neutron Detector Architecture and Fabrication 
According to embodiments of the invention a layered 

detector architecture for neutron detection has least one, and 
possibly multiple, layers of high neutron interaction cross 
section materials, including materials comprising at least one 
high neutron interaction cross-section element, are disposed 
betWeen semiconductor detector layers. Suitable thicknesses 
for the neutron absorption layer(s) are 50 nm to 10 pm; for 
example 1 um. The semiconductor detector layers have a 
thickness on the order of the length scale imposed by the 
product of the semiconductor material’s mobility-lifetime 
?eld (e. g., about 5 to 500 pm; for example about 50 um). The 
0t particles or y photons produced in the semiconductor neu 
tron absorption layer(s) escape the layer(s), and are detected 
in the semiconductor detector layers. In this Way, using this 
sandWiched structure, the dif?culty of doping the large semi 
conductor crystals With incompatible materials is avoided. 

Abasic schematic of this stacked diode detector structure is 
shoWn in FIG. 1A. By this architecture, neutrons are captured 
by the neutron absorption layer or layers, and the electrons 
and holes produced from the secondary high energy particles 
generated from neutron interaction are captured by the semi 
conductor detector layers. 

This architecture overcomes the challenge of incomplete 
charge collection due to asymmetric carrier transport proper 
ties. Stacked multi-layer diode devices of this design can 
achieve suf?cient detection volume, With each thin layer 
being capable of complete charge collection. 
As depicted in FIG. 1A, the semiconductor neutron absorp 

tion layer(s) can be in the form of an unstructured layer of a 
suitable solid-state neutron absorption material. A suitable 
material has a large neutron interaction cross-section. 
Examples are Gd, B or Li, alloys thereof (e.g., e.g., LiF and 
BN), organics containing them, or semiconductors doped 
With Gd, B or Li. Gd is particularly preferred in many 
embodiments because it has a large atomic Weight and thus 
can interact With high energy photons in the case of detecting 
y-rays resulting from neutron interactions. To determine the 
thickness of the neutron interacting layer(s), one needs to 
consider the average range for a high energy particle gener 
ated as a result of neutron interaction With the layer material. 
Beyond the average range, the charged particle can no longer 
be reliably detected. For example, the range of a 1.47 MeV 
ot-particle in 10B is 3.6 um. In order to have certain energy 
resolution, a B layer should have a thickness of approximately 
1 pm. Other suitable Gd, B or Li containing materials may 
include many organic compounds that can also act as the 
neutron interaction layers because of the scattering betWeen 
neutrons and hydrogen. 

Alternatively, as schematically depicted in FIG. 1B, and 
described in greater detail beloW, at least a portion of the 
semiconductor neutron absorption layer(s) can be in the form 
of micro- or nano-structured arrays. 

FIG. 1B is a schematic of tWo heterostructures that embody 
concepts for radiation detectors (particularly neutron detec 
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6 
tors) based on single crystalline semiconductor heterostruc 
tures groWn via micro- or nano-heteroepitaxy in accordance 
With embodiments of the present invention. Shown are tWo 
types of crystalline semiconductor array structures that can 
form the core of radiation detector in accordance With the 
present invention. For example, the substrate (shoWn dis 
posed on a ?rst electrode) can be a p-type semiconductor, 
While the column (left) or block (right) crystals (groWn 
through micro- or nano-heteroepitaxy using an appropriate 
doped precursor (e.g., Gd or B or Li)) can be an n-type 
semiconductor doped With a high neutron interaction cross 
section element (e.g., Gd, B or Li) that form p-n junctions 
With the substrate. This provides an array of semiconductor 
material columns that are effective neutron absorption layers. 
The gaps betWeen the columns alloW for the release of the 
lattice mismatch strain and can be ?lled With dielectric mate 
rial (e.g., SOG) to provide structural stability and electrical 
insulation betWeen active array elements. A second semicon 
ductor layer of opposite dopant type from the substrate (e. g., 
n-doped) can then be formed (e.g., by deposition) over the 
array by standard deposition techniques. Then the second 
electrode (a portion of Which is shoWn for clarity) can be 
applied. 
The use of micro- or nano-heteroepitaxy overcomes the 

challenge of groWing high quality, defect-free semiconductor 
crystals for radiation detectors. At the same time, as noted 
above With regard to the unstructured neutron absorption 
layer embodiment depicted in FIG. 1A, a stacked multi-layer 
detector architecture overcomes the challenge of incomplete 
charge collection resulting from the asymmetry of transport 
in the semiconductor. Radiation detectors implemented With 
these solid-state architectures could achieve higher energy 
resolution and sensitivity When compared to the best room 
temperature detectors available today. 

For any of these forms, the architecture can be manufac 
tured using Well established semiconductor fabrication tech 
niques readily adaptable to the purpose by those of skill in the 
art given the disclosure provided herein. 

For unstructured embodiments, the various layers may be 
deposited by various CVD (e.g., evaporation) or PVD (e.g., 
sputtering) techniques as appropriate for the given material. 
The composition of the other layers of the architecture can 

be as folloWs: for the electrodes, conventional metallic elec 
trode materials, such as Cu or Cr may be used. For the semi 
conductor detector layers, n- or p-doped Si or Ge or GaAs 
may be used. 

Additional structural and fabrication details for the micro 
or nano-structured implementations of the invention are 
described in more detail beloW: 

Micro- and Nano-Heteroepitaxy of Crystalline Nanostruc 
tures 

FIG. 2 beloW shoWs a schematic illustration of tWo 
examples of nanoscale crystalline heterostructures groWn by 
nanoscale heteroepitaxy (nano-heteroepitaxy), one With and 
one Without a patterned substrate. Nano-heteroepitaxy is a 
technique for dramatically extending the thickness of defect 
free crystal groWth in highly mismatched hetero structures. It 
exploits the three-dimensional stress relief mechanism at the 
nanometer (i.e., about 5 to <l000 nm, particularly about 
50-500 nm, e.g., about 100 nm feature siZe) and applies it to 
reduce the strain energy in lattice-mismatched heterojunc 
tions. The same technique is also applicable in the microme 
ter scale (i.e., about 1 to 100 um, e.g., about 5-50 um feature 
siZe) and the description of the nano-heteroepitaxy technique 
beloW should be understood to be to the micro scale as Well. 
When an epilayer groWs on a lattice mismatched substrate 

the strain energy increases linearly until at some point mis 
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matched dislocations are created to reduce strain. Nano-het 
eroepitaxy is a fundamentally different epitaxial growth 
approach that utilizes a three-dimensional stress relief 
mechanism, or the formation of quantum dots and nanorods/ 
columns, to avoid stress relief via mismatched dislocations. It 
has been found that in this nano-heteroepitaxy growth mode, 
the strain will fall exponentially with distance from the 
growth interface. 

Nano-heteroepitaxy can be achieved with or without pat 
terning the substrate on which the nano-crystalline semicon 
ductors grow. For example, if the substrate is patterned, nano 
heteroepitaxy would combine the three-dimensional stress 
relief with strain partitioning on the top layers of the sub 
strate. As heteroepitaxy proceeds, the nanoscale epilayer and 
the nanoscale substrate island both undergo three-dimen 
sional strain. This partitioning of strain between the epilayer 
and substrate is thus represented by the exponentially decay 
ing strain on both sides of the heterointerface. FIG. 2 shows a 
schematic illustration of two examples of crystalline hetero 
structures grown by nano -heteroepitaxy, one with a patterned 
and one without a patterned substrate. 

According to one speci?c example, an array of neutron 
absorption features may be made by nanoscale heteroepitaxy 
as follows: A thin (e.g., about 10-50 nm, for example 20 nm) 
seed layer of a suitable semiconductor material is grown on a 
doped (e.g., p-doped) semiconductor (e.g., Si) substrate, for 
example about 200 pm thick. The seed layer may or may not 
be doped. The seed layer is then patterned into nano-scale 
islands (e.g., about 100-5000 nm2, for example 50x50 nm) 
using standard lithographic techniques. Thereafter, growth of 
the wide band- gap semiconductor material is continued from 
the patterned seed layer using an appropriate doped precursor 
(e.g., Gd or B or Li). This results in the growth an array of 
single crystal doped wide band-gap semiconductor material 
columns from the nm scale seed layer islands that are effec 
tive neutron absorption layers. The gaps between the columns 
allow for the release of the lattice mismatch strain and can be 
?lled with dielectric material (e. g., SOG) to provide structural 
stability and electrical insulation between active array ele 
ments. A second semiconductor layer of opposite dopant type 
(e.g., n-doped) is then deposited over the array by standard 
deposition techniques, for example to a thickness of 1 pm. 
Finally, p- and n-contact electrodes are deposited (e.g., by 
thermal evaporation) onto the p-and n-doped semiconductor 
layers, respectively. 

Alternatively, nanoscale heteroepitaxy without patterning 
may be conducted by masking the substrate in the non-growth 
areas during nanorod growth according to well-developed 
semiconductor processing procedures readily adapted to this 
application by a person skilled in the art given the disclosure 
provided herein, or by pre-deposition of self-assembled 
metallic catalysts (e.g., Au) in the growth area (catalyst-as 
sisted nano-heteroepitaxy), described further below. 

Accordingly, nanostructured arrays of single crystalline 
semiconductor materials (e. g., ZnO and GaN), doped with B 
or Li or Gd to achieve large neutron interaction cross-section 
(in addition for gamma-ray detection), on different types of 
substrate (e. g., Si, GaAs, and ZnTe) can be fabricated in this 
manner. When the top of the crystal array is deposited with the 
electrode, each nanoscale crystalline “column” or “rod”, as 
shown in FIG. 1B, essentially forms a sub -micron pixel detec 
tor. Following a radiation interaction in such a pixel detector, 
depending on the design of the device structure, a charge 
signal is induced by the electrons, or by both the electrons and 
holes. Pixelated detectors can yield enhanced energy resolu 
tion (measured from individual pixels) relative to detectors 
with one electrode covering the whole detector surface. This 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
phenomenon is called the small pixel effect and is due to the 
fact that single pixels sense signal charge only close to the 
pixel electrode. Usually higher detector ef?ciency is achieved 
for thinner radiation detectors with small pixel siZes. The 
deteriorating effect of the slowly moving and trapped holes 
which are distributed away from the anode contacts is shared 
between many pixels and becomes less signi?cant on single 
pixels. This effect is even less signi?cant due to the small 
thickness of individual layers of arrays of nanoscale crystal 
line heterostructures grown based on nano-heteroepitaxy. 

Stacked Multiple Layer Detector Structures 
For gamma-ray and neutron detection, adequate detection 

ef?ciency requires a thickness of the detector volume to be at 
least 1 mm. Good energy resolution and peak detection e?i 
ciency is dif?cult to achieve directly with a thick detector due 
to the asymmetry of semiconductor transport properties. The 
stacked radiation detector architecture of the present inven 
tion, with each layer comprising an unstructured semicon 
ductor neutron absorption layer or an array of nanoscale 
crystalline semiconductor neutron absorption layer hetero 
structures grown by nano-heteroepitaxy, addresses this prob 
lem. 
The mean drift path of the charge carrier is expressed as the 

product of pm and E, where p. and "c are the mobility and 
lifetime of the charge carrier respectively, and E is the applied 
electric ?eld in the device. As an example, for y-ray detection, 
due to the small pm of holes for CdTe and CdZnTe, the thick 
ness of the detector should be smaller than uh'chE in order to 
achieve complete charge collection. Therefore, by using a 
thin CdTe device, we can overcome the inef?cient collection 
of charge problem caused by the low mobility and short 
lifetime of holes. Since a CdTe detector with a thickness of 
more than 1 mm is needed for adequate detection ef?ciency 
for y-rays of hundreds of keV or higher, the stacked detector 
architecture enables a detector with both high energy resolu 
tion and high detector ef?ciency. 

FIG. 3 shows schematics of a stacked detector in accor 
dance with an embodiment of the present invention wherein 
the neutron absorption material takes the form of multilay 
ered nanostructured arrays. Each layer is a structure grown by 
nano-heteroepitaxy, such as described above. The signal from 
each array layer can be read out independently using a charge 
sensitive ampli?er. In addition to the bene?t of improving 
charge collection, thus achieving good energy resolution 
without complex shaped electrodes, stacking more detector 
layers enables achievement of an effective volume for high 
ef?ciency radiation detection. Such a stacked detector can 
also be constructed using a neutron detection architecture 
having an unstructured layer of a suitable solid-state neutron 
absorption material, as described herein. 

Alternate Array Fabrication Techniques 
Standard lithography technology can be utiliZed to fabri 

cate the micro- or nano-structures, as described above. With 
out the use of catalysts, the micro/nanostructures are de?ned 
lithographically. In some embodiments, stamp imprinting 
techniques may be used. 

Alternatively, catalyst-assisted laser nano-heteroepitaxy, 
for example, can synthesiZe single crystalline semiconductor 
heterostructures, in particular, CdTe on different substrates 
that can implemented into radiation detectors. Wide band-gap 
semiconductor material, such as ZnTe, ZnO, and GaN col 
umn/rod crystals doped with elements having large neutron 
interaction cross-sections (e.g., Gd, B) can be so fabricated. 
The basic fabrication principle of catalyst-assisted laser 
nano-heteroepitaxy is the so-called vapor-liquid-solid crystal 
growth mechanism, illustrated for a particular embodiment of 
FIG. 4. A metallic catalyst (e.g., Au) is applied to a substrate 
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to promote high aspect-ratio directional single crystal growth. 
Three distinct growth stages are involved in the technique, 
Which are alloying With catalyst, nucleation of crystallite, and 
groWth of single crystals. The arrays or area locations of 
semiconductor nano-crystalline heterostructures can be 
de?ned by patterning metal catalysts on a substrate that are 
compatible With vertical integration With other physical lay 
ers of the radiation detector devices. 

Detector 
Fabrication of semiconductor radiation detectors imple 

mented With unstructured layers and arrays of nanoscale crys 
talline heterostructures for neutron absorption, as described 
herein, is compatible With state-of-the-art semiconductor 
manufacturing processes. A single-layer radiation detector 
uses the bottom-up fabrication approach for forming a p-n 
type junction, such as a p-Si/n-ZnO diode. Alternatively, a 
Schottky type junction, such as an In4CdTe diode With In as 
the anode on p-type CdTe, is also an effective radiation detec 
tor structure. 

In any of the implementations, incoming neutrons generate 
ot-particles or y-photons Which interact With the semiconduc 
tor to generate electron and hole pairs. The electrons move 
through a circuit connecting the electrodes to ?ll the holes, 
thereby signaling neutron detection. The current generated is 
proportional to the neutrons detected. The detector is com 
pleted by electronic circuits for signal ampli?cation and out 
put. 

CONCLUSION 

Embodiments of the present invention provide room tem 
perature operating solid state hand held neutron detectors. 

Although the foregoing invention has been described in 
some detail for purposes of clarity of understanding, certain 
changes and modi?cations Will be apparent to those of skill in 
the art. It should be noted that there are many alternative Ways 
of implementing both the process and compositions of the 
present invention. Accordingly, the present embodiments are 
to be considered as illustrative and not restrictive, and the 
invention is not to be limited to the details given herein. The 
folloWing sample claims are representative of aspects of the 
present invention but should not be considered to be exhaus 
tive. 

What is claimed: 
1. A solid-state neutron detector architecture, comprising: 
a layered structure, having the folloWing layers interposed 

relative to one another as folloWs: 

a ?rst electrode; 
a ?rst semiconductor layer; 
an array layer including one or more micro- or nano-struc 

tured arrays comprising a plurality of discrete features of 
a high neutron interaction cross-section material, the 
discrete features located on, and formed from a different 
material than, the ?rst semiconductor layer; 

a second semiconductor layer; and 
a second electrode, Wherein one of the ?rst semiconductor 

layer and the second semiconductor layer is p-doped and 
the other of the ?rst semiconductor layer and the second 
semiconductor layer is n-doped. 

2. The architecture of claim 1, Wherein the detector oper 
ates at room temperature. 

3. The architecture of claim 1, Wherein the detector is 
con?gurable as a portable hand held unit. 

4. The architecture of claim 1, Wherein the high neutron 
interaction cross-section element material is selected from 
the group consisting of Gd, B and Li. 
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5. The architecture of claim 1, Wherein the high neutron 

interaction cross-section element material is selected from 
the group consisting of Gd and B. 

6. The architecture of claim 1, Wherein the high neutron 
interaction cross-section material is Gd. 

7. The architecture of claim 1, Wherein the high neutron 
interaction cross-section material of the discrete features 
selected from the group consisting of Gd, B or Li, alloys 
thereof, semiconductors doped With Gd, B or Li or organic 
compounds incorporating Gd, B or Li. 

8. The architecture of claim 1, Wherein the array layer has 
a thickness that is on the order of the length scale imposed by 
the average range of neutron interaction. 

9. The architecture of claim 1, Wherein at least one of the 
?rst semiconductor layer and the second semiconductor layer 
has a thickness that is on the order of the length scale imposed 
by the product of the semiconductor material’s mobility 
lifetime-?eld. 

10. The architecture of claim 1, Wherein the array layer has 
a thickness of about 50 nm to 10 um. 

11. The architecture of claim 1, further comprising one or 
more additional array layers including one or more additional 
micro- or nano-structured arrays comprising a plurality of 
additional discrete features of the high neutron interaction 
cross-section material, the discrete features formed from a 
different material than the ?rst semiconductor layer. 

12. The architecture of claim 11, Wherein each of the one or 
more additional array layers is included in a corresponding 
additional layered structure corresponding to the layered 
structure of claim 1. 

13. The architecture of claim 1, Wherein the array layer 
includes only a single array. 

14. A neutron detector, comprising: 
a solid-state architecture in accordance With claim 1; 
a circuit connecting the ?rst electrode and the second elec 

trode; and 
electronic circuits for signal ampli?cation and output. 
15. A method of making a solid-state neutron detector 

architecture, comprising assembling: 
a layered structure, having the folloWing layers interposed 

relative to one another as folloWs: 

a ?rst electrode; 
a ?rst semiconductor layer; 
an array layer including one or more micro- or nano-struc 

tured arrays comprising a plurality of discrete features of 
a high neutron interaction cross-section material, the 
discrete features located on, and formed from a different 
material than, the ?rst semiconductor layer; 

a second semiconductor layer; and 
a second electrode, Wherein one of the ?rst semiconductor 

layer and the second semiconductor layer is p-doped and 
the other of the ?rst semiconductor layer and the second 
semiconductor layer is n-doped. 

16. The method of claim 15, further comprising assem 
bling With the solid-state neutron detector architecture: 

a circuit connecting the electrodes; and 
electronic circuits for signal ampli?cation and output. 
17. The method of claim 15, further comprising: 
forming an array of seed islands on the ?rst semiconductor 

layer; and 
groWing crystals of the high neutron interaction cross 

section material from the seed islands using heteroepit 
axy to form the discrete features. 

18. The method of claim 15, further comprising: 
forming the array of seed islands on the ?rst semiconductor 

layer by groWing the seed islands on the ?rst semicon 
ductor layer using a patterned groWing technique. 
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19. The method of claim 15, further comprising: 
forming the array of seed islands on the ?rst semiconductor 

layer by: 
growing an un-patterned layer of seed island material on 

the ?rst semiconductor layer; and 5 
patterning the un-patterned layer of seed island material 

using a lithography. 
20. The solid-state neutron detector architecture of claim 1, 

Wherein the ?rst semiconductor layer has a substantially pla 
nar surface and the discrete features are located on the sub- 10 
stantially planar surface and protrude from the substantially 
planar surface. 
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